There is immense cellular and molecular heterogeneity in biological systems. Here, we demonstrate the utility of integrating an inverted light microscope with an ambient ionization source, nanospray electrospray desorption ionization, attached to a highresolution mass spectrometer to characterize the molecular composition of mouse spinal cords. We detected a broad range of molecules, including peptides and proteins, as well as metabolites such as lipids, sugars, and other small molecules, including S-adenosyl methionine and glutathione, through top-down MS. Top-down analysis revealed variation in the expression of Hb, including the transition from fetal to adult Hb and heterogeneity in Hb subunits consistent with the genetic diversity of the mouse models. Similarly, temporal changes to actin-sequestering proteins β-thymosins during development were observed. These results demonstrate that interfacing microscopy with ambient ionization provides the means to perform targeted in situ ambient top-down mass spectral analysis to study the pattern of proteins, lipids, and sugars in biologically heterogeneous samples.
There is immense cellular and molecular heterogeneity in biological systems. Here, we demonstrate the utility of integrating an inverted light microscope with an ambient ionization source, nanospray electrospray desorption ionization, attached to a highresolution mass spectrometer to characterize the molecular composition of mouse spinal cords. We detected a broad range of molecules, including peptides and proteins, as well as metabolites such as lipids, sugars, and other small molecules, including S-adenosyl methionine and glutathione, through top-down MS. Top-down analysis revealed variation in the expression of Hb, including the transition from fetal to adult Hb and heterogeneity in Hb subunits consistent with the genetic diversity of the mouse models. Similarly, temporal changes to actin-sequestering proteins β-thymosins during development were observed. These results demonstrate that interfacing microscopy with ambient ionization provides the means to perform targeted in situ ambient top-down mass spectral analysis to study the pattern of proteins, lipids, and sugars in biologically heterogeneous samples.
ambient MS | top-down MS analysis | light microscopy | embryogenesis | central nervous system L ight microscopy has been instrumental to understanding biological processes, such as embryonic development, by providing insight into the temporal and spatial arrangements of cells within a tissue, but it provides limited molecular information. MS, in contrast, can provide detailed molecular information. However, if one aims to understand biology at multiple levels of organization, from molecules to organelles and, eventually, to entire organisms, methods that can bridge these levels and surpass the limitations of current techniques need to be developed. Most methods in biology examine a limited number of molecules at a time. As the need for system-wide analysis is emerging, so is the need for tools that can capture a wide range of chemistry. For example, immunohistochemistry yields excellent subcellular resolution of the distribution of the recognized antigen, but its applicability is limited mostly to certain peptides and proteins for which accurate and selective antibodies have been developed (1) . By comparison, MS-based approaches, particularly MALDI-TOF imaging mass spectrometry (IMS), have demonstrated their capacity to explore the molecular nature of biology by integrating the chemistry of samples with their biology in a spatial manner (2) (3) (4) (5) . The quality of the spectra in MALDI-TOF imaging is dependent on very even and reproducible crystalline matrix deposition that limits transparency, and therefore the use of simultaneous microscopic analysis. A MALDI-TOF mass spectrometer has been built with a microscope, with which one can collect MALDI data and microscopy on the same sample (5) . The design includes a stage where the topographic data are first collected by microscopy; the stage is then moved into position for MALDI-MS data collection, thereby disconnecting the microscopy step from mass spectrometric analysis even though both are present in the same instrument (5) . In addition, the ease of obtaining and the quality of MALDI-TOF-based fragmentation, usually via postsource decay or a derivative thereof, have yet to be improved compared with collision-induced fragmentation. Information-rich fragmentation data, which provides insight into the biology under investigation, is critical for the identification of the molecules.
Although other ambient methods exist that can be interfaced with imaging modalities, such as laser ablation/dissection (6) and atomic force microscopy (7), electrospray ionization (ESI) MS has added an alternative powerful tool to the system-level exploration of biological questions, particularly in terms of proteomics and atmospheric analysis (8) (9) (10) (11) (12) . Recently, several ESIbased ambient ionization MS techniques have been developed, including desorption electrospray ionization (DESI) and nanospray desorption electrospray ionization (nanoDESI), each of which has been adapted to perform IMS (13) (14) (15) (16) . Of these ambient ionization methods, nanoDESI has a spatial resolution down to 12 μm and superb MS spectral resolution with good mass accuracy when combined with high-resolution spectrometry (15, 16). High mass accuracy and spectral resolving power are essential for accurately identifying the signals of biomolecules, a particularly difficult task in the case of large biomolecules. NanoDESI operates at ambient pressure and temperature, does not require a sensitive tissue preparation protocol, and has an uncomplicated instrumental setup that works at multiple angles, all of which make it an appropriate technique to integrate with light microscopes commonly used in biological studies while maintaining high sensitivity. Here, we present our hybrid design that integrates the nanoDESI ion source with a hybrid linear trap quadrupole Fourier transform ion cyclotron resonance (LTQ-FT-ICR) mass spectrometer and an inverted light microscope into a single platform. The design is shown in Fig. 1 , and its use is demonstrated in Movie S1. For ease of discussion, we will
Significance
To improve targeted molecular characterization of biological samples, we have interfaced a light microscope with ambient ionization MS to perform microscopy-guided targeted mass spectrometric analysis. This tool was used to characterize a diverse set of biomolecules ranging from lipids, sugars, peptides to proteins with molecular masses ranging from ∼300 Da to 16 kDa. Each of these entities could be characterized using topdown analysis directly on developing mouse spinal cords. This technology will be applicable in diverse fields ranging from chemical biology, pathology, and microbiology to neuroscience, medicine, and agriculture. refer to the design described in this paper as ambient ionization interfaced with a microscope and mass spectometry (AMM).
The results that can be obtained with this hybrid instrument were first assayed using mouse frozen tissue sections. Previously, using MALDI-IMS and DESI, the molecular profiles during embryo development were performed on the tissue sections or preimplantation embryos (17) (18) (19) (20) . In an attempt to investigate the early development of the CNS, a mouse embryo was flashfrozen and sectioned at embryonic day (E) 15.5 after fertilization at the lumbar level of the developing spinal cord. Starting from a transmitted light image of the preparation positioned on the microscope, the spinal cord cross-section and adjacent structures were outlined, and mass spectra were obtained at locations of interest (Fig. 2) . Spectra in the range of m/z 200-2,000 were obtained by FT-ICR-MS, with 50,000 resolving power. Three spectra, taken along the dorsoventral axis at locations 1, 2, and 3 noted on the histological image (Fig. 2C) , are shown side by side in Fig. 2A . Within the selected range from ∼685-850 m/z, various classes of biomolecules were identified in each spectrum. Significantly different relative abundances were observed for several proteins at the selected locations (the process of identification of these proteins and molecules is described below and in SI Appendix). Indeed, high levels of the ions of two intact β-thymosins, thymosin β-10 (Tβ-10; 4,933.51 Da; 823.594 m/z, charge +6) and thymosin β-4 (Tβ-4; 4,960.48 Da; 828.098 m/z, charge +6) were observed in the spinal cord ( Fig. 2A, spectrum 1 ) but were not detected in the body cavity ( Fig. 2A, spectrum 3) . A similar relative distribution was observed for ubiquitin (8, 559 .64 Da; 779.612 m/z, charge +11). A contrasting distribution pattern was observed for Hb, which was more abundant at location 3 in the body cavity than at location 1 in the spinal cord. Signals of monomeric Hb α-subunits (14,944.7-14,971.7 Da) and β-subunits (15,607.1 Da) predominated in the body cavity, which is rich in blood vessels in the E15.5 mouse embryo. The characterization of all proteins was determined by in situ top-down analysis using ProSight PTM (Kelleher lab, Northwestern University) as shown in Fig. 2B and SI Appendix (21-27). To support the annotation of Tβ-4 determined by top-down mass spectrometric analysis, we looked for Tβ-4 protein in a previously described global Tβ-4 KO mouse (28). The FT-MS spectra (Fig. 3) indicated Tβ-4 was not present in the Tβ-4 KO mouse, whereas Tβ-10 peaks were detected in both the WT and Tβ-4 KO samples. This was further supported by immunohistochemistry (SI Appendix, Fig. S17 ). This highlights the accuracy and sensitivity of this targeted microscopy MS interface. It also introduces the possibility that this technique could be used to identify a proteinaceous phenotype in genotypic mutants that display no obvious behavioral or cell biological phenotypes. In addition to proteins, metabolites were detected. Detected metabolites (Fig. 2B ) were compared with metabolomic databases, such as METLIN (29) and MassBank (30). Phospholipids, the major component of cell membranes, such as phosphatidylcholine 34:1 (782.581 m/z, Na + adduct) and others with variable lipid chain lengths, were found throughout the sample, but the signal was significantly weaker in the cartilage primordium of the lumbar spine (we will refer to this as the cartilage primordium). In the lower m/z region, some of the critical small metabolites, such as glutathione (613.161 m/z), S-adenosyl methionine (399.146 m/z), and L-alpha-glycerylphosphorylcholine (Alpha-GPC, 296.068 m/z) were also observed in the spinal cord [SI Appendix (description of MS/MS spectra) and Fig. S1 ].
The transition of Hb from embryonic protein isoforms, known as fetal Hb, to adult isoforms is typically assayed by gel electrophoresis (31-33). Fetal Hb binds oxygen with greater affinity than does adult Hb, which allows the former to compete effectively for oxygen with adult Hb in the placental blood. High mRNA expression of mouse β-like fetal Hb, such as ey and βH1, has been reported at early embryonic stages (34). Given this known transition, we investigate the ontogeny of Hb isoforms during fetal and postnatal development [E12.5 to postnatal day (P) 10], as well as in the adult, using in situ top-down MS analysis to determine whether AMM is able to capture this by targeting the blood vessels adjacent to the spinal cord (SI Appendix, Movie S1). Using AMM, the monomeric Hb subunits, including the fetal β-like globins, were readily observed, as shown in Fig. 4 . No intact tetrameric Hb (α 2 β 2 ) was observed, because the acidinduced ferrihemoglobin disassembly and heme (616.180 m/z; SI Appendix, Fig. S16 ) dissociation took place within subsecond intervals during real-time extraction from the tissue surface (35). As expected, the α-subunits were observed at all time points and the embryonic β-like Hb e-Y2 subunit (16,004.4 Da) was found in all prenatal stages and disappeared at 2 d after birth (P2). In addition, the β-subunits were detected beginning at E13.5 (very low level compared with the other fetal Hb at E12.5) when they coexisted with e-Y2. After gestation, the adult β-globin became the predominant form of β-like globin chains. Another fetal β-like globin, βH1 (16,352.6 Da), was also found on the E13.5 and E14.5 tissues, but it was not detected after E15.5. Our observation of high levels of e-Y2 and βH1 β-like Hb in the prenatal stages is consistent with the transition from fetal Hb (α 2 e 2 and α 2 βh 2 ) to adult Hb (α 2 β 2 ) reported (34).
In addition to capturing the developmental transition from fetal to adult Hb at the earlier time points, we observed heterogeneity of some documented adult α-and β-Hb proteoforms (e.g., α1: 14,944. 53) is integrated with the inverted microscope to perform in situ MS analysis. Thawed tissue sections on standard (1-× 3-inch) glass slides are positioned on a z-axis drive, which is fixed onto the x-y stage of the inverted microscope that is used to adjust the coordinate of the sample (relative to the nanoDESI liquid junction). The specimen is then moved under the liquid junction produced by the sampling capillaries so that the target sample region is directly underneath, as judged visually through the microscope, and desorbed molecules are aspirated into the secondary capillary. The ions in the electrospray process are generated at the terminal end of the secondary capillary, where the solvent is infused. This is a direct result of classical Mendelian genetics that affect hair color and the color of the eyes; in this case, the detected phenotype is the diversification of the observed molecular phenotype, the Hb proteoforms observed in the offspring when two parents mate. The annotations of the Hb ions were verified by matching y and b ions using the top-down approach with ProSight PTM (SI Appendix, Figs. S2-S7). Some other low-intensity ions that represent masses of ∼16 kDa were observed during the fetal period. These may yet represent other globins important during development, but they were not of sufficient abundance to get fragmentation information. These results highlight how top-down ambient mass spectrometric analysis can identify protein isoforms with sufficient specificity to provide valuable insight into the role distinct isoforms play in localized and temporally specific biological processes.
Having demonstrated that the interface of nanoDESI with light microscopy can capture molecular changes during embryonic development with top-down MS, we proceeded to use this approach to measure the spatial distribution of specific molecules in the spinal cord. Using the microscope to position the nanoDESI probe for data collection, FT-MS spectra were collected from the E15.5 tissue in a raster at locations spaced ∼160 μm apart from each other. Representative molecular contour maps of individual ions were plotted in a color scale representing the relative intensity of the specific m/z (Fig. 2C ). It is notable that no significant protein signals above the detection limit were found on the cartilage primordium; however, a great amount of tetra-hexose (689.210 m/ z), based on our interpretation of the MS 2 and MS 3 spectra (SI Appendix, Fig. S12 ), was detected near the cartilage primordium. As expected, Hb ions were absent from this area, given that cartilage is devoid of blood vessels. The two β-thymosins, as well as small metabolites, such as glutathione and Alpha-GPC, all showed slight but consistent dorsoventral asymmetrical distributions in the spinal cord. One of the molecules that displayed this asymmetry was S-adenosyl methionine (SAM), a metabolite known to affect transcriptional regulation through histone methylation (39, 40). The limit of detection of β-thymosins is at subfemtomole levels (SI Appendix, Fig. S19 ). Although only abundant proteins were observed at this point, our result demonstrates that endogenous proteins can be resolved and characterized via top-down analysis directly from a tissue surface using ambient MS.
The β-thymosin isoforms Tβ-4 and Tβ-10 are both abundant in the developing CNS, as well as in proliferating tumor cells, and can be regulated by cell fate regulators, such as retinoic acid (41-44). β-thymosins are highly conserved polypeptides that act as actin-sequestering molecules and regulate the polymerization of G (globular) actin to form F (filamentous) actin (45-47). Altered expression of β-thymosins is strongly associated with various important biological activities, especially tissue repair and regeneration (42, 43). Given the significant developmental transitions in Hb isoforms, we sought to explore whether such changes were also associated with key β-thymosins. Our spatiotemporal results indicate that from early embryonic stages to P10, both Tβ-4 and Tβ-10 are detected in and near the spinal cord ( Fig. 5 ). At the earliest embryonic stage studied (E12.5), the distributions of Tβ-4 and Tβ-10 both display dorsally low-to-ventrally high concentration gradients, with increased levels around the notochord. Similar concentration gradients were also found at E13.5 for both Tβ-4 and Tβ-10; however, at and after E15.5, the signals for both thymosins on the cartilage primordium diminish. At stages later than E12.5, the ions for β-thymosins become more intense within the spinal cord.
The data suggest that Tβ-10 is depleted more rapidly than Tβ-4 during embryogenesis. To ensure this is not an artifact of ionization, an instrumental response plot using synthetic β-thymosin standards was obtained (SI Appendix, Fig. S19 ). The ion intensity ratio of Tβ10 to Tβ4 (γ) had a linear relationship to the relative amount of the two β-thymosins using the AMM and indicated there was no ionization bias when the two thymosins were compared. Based on this result, we proceeded to investigate the relative spatiotemporal features of the two β-thymosins. A linear trend of γ at E12.5 ( The data show that the variety of Hb subtypes and isoforms over time can be captured using this approach. Proteins that were not identified by topdown analysis are labeled by the corresponding monoisotopic masses and charge states (in parentheses). Heterogeneity of adult α-Hb and β-Hb isoforms (e.g., absence of α4 in E13.5 and α5 in E12.5, β2 instead of β1 in P10) results from the genetic diversity inherent in the parental background strains, which is then passed to their offspring. Replicates of E12.5-P2 using different mice are displayed in SI Appendix, Fig. S21 .
γ-plot at P10. This rapid decrease relative to Tβ-4 is consistent with the drop observed in the developing brain at postnatal stages (41). Thus, AMM reveals gradients of molecules in the spinal cord during embryonic development. Such gradients have not been reported for β-thymosins or any of the other molecules that were detected, such as SAM or glutathione. Many morphogens, such as sonic hedgehog, display concentration gradients during embryonic development and are thought to determine cell fate via transcriptional regulation (48-52). Based on the initial data obtained with AMM, we hypothesize that the regulation of β-thymosins plays a role in embryonic spinal cord development, perhaps through binding of G-actin (41, 45). In conclusion, we propose that the nanoDESI/microscope MS interface, a unique approach that provides targeted molecular information, can be used to reveal molecular changes over time and space, genotypic information, and subtle molecular phenotypes in real time. Although AMM is applied to study tissues in this work, other types of samples that are amenable to microscopy could also be analyzed using this technique. We foresee novel applications of this methodology in areas ranging from chemical biology, pathology, and microbiology to neuroscience, medicine, and agriculture.
Methods
The details of the operation and design of AMM, the methods for top-down mass spectrometry, and the databases consulted can be found in SI Methods.
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Methods
NanoDESI-microscope hybrid setup
AMM is composed of two parts: an inverted light microscope and nanoDESI. The transmitted optical images of the tissue were taken by the inverted microscope (Nikon DIAPHOT 300) via the illumination of the tungsten lamp. The photons were collected by the object lenses and split into a CCD camera (Nikon D40 DSLR) to take digital images before the start of experiments. A xenon arc lamp and fluorescence filter cube turrets were used for fluorescence images. NanoDESI (see reference 53 for the detailed instrumental description) was set-up on the same x-y movable platform that was used to position the microscope. The fused silica capillary tubes of the nanoDESI were mounted on the independent x-y-z linear actuator (A1) for accurate alignment. To make the illuminating light pass through, the two capillary tubes were properly angled (~45 degree) and the plane into which the two capillaries are embedded was tilted (~45 degree). The conjunct terminals of the two capillary tubes were flame-pulled to shrink the size of the capillary to ~40 m (outer diameter). The sample was placed steady on a z-axis actuator, which is fixed onto the x-y stage of the Nikon microscope that was used to adjust the coordinate of the sample (relative to the nanoDESI liquid junction). The plane of the sample section was perpendicular to the focal axis of the object lenses (central axis). The schematic setup is shown as Fig. 1 . The solvent used is a 65/35 (v/v) acetonitrile/0.05% formic acid aqueous solution, which is used to extract polar compounds as indicated in the previous work of Watrous et al (53). The relative location of the secondary capillary outlet to the extended MS (hybrid 6.4T LTQ-FT, Thermo Electron, North America) ion inlet was adjusted by AMM platform and A1 for optimal ESI performance. All spectra were acquired in the positive-ion mode with 2.0 kV spray voltage. Once the ESI current was formed, the position of the nanoDESI capillary tubes was fixed. A liquid junction was sustained throughout the experiment and was positioned at the central axis. To avoid scattering from the fused silica capillary tubes and sample loss via liquid extraction, the tissue sample was lowered 5 mm underneath the liquid junction at the "microscopy mode". The target tissue was aligned (x-y) to the central z-axis before switching to the "MS mode," at which the surface of the sample was approximated along the z direction to the capillary tube junction to mobilize the molecules on the sample surface. Total ion intensity started to rise within 10 seconds after the liquid made contact. The flow rate of the carrier solvent was tuned to match the self-aspiration rate of the secondary capillary (typically 0.8-2.0 l/min) so the droplet spread-out size was limited to 100 m.
Mass Spectrometric Analysis
Analysis was performed directly on the tissue via AMM using a hybrid ion trap quadrupole Fourier transform ion cyclotron resonance (LTQ-FT-ICR) mass spectrometer (Thermo Electron, North America). The instrument was first tuned to m/z 816.3 using 2 M bovine cytochrome c (Sigma-Aldrich) 65/35 (v/v) acetonitrile/0.05% formic acid aqueous solution. Ion spectra of 200-2000 m/z (E12.5 and E15.5 mice) or isolated ion spectra at 830 m/z with a 100 m/z isolation window (for the other time points) were recorded. High-resolution FT-ICR-MS detection was performed using 8000 ms maximum ion accumulation time although in general it took 100-1000ms per scan at 50,000 resolution. The largest protein we observed in this study is ~16 kDa. At a flow rate of L/min scale, MS signals from molecules on the tissue sections decay within a few min and therefore the shorter scans were preferred. 50,000 resolution was the right balance between our ability to detect isotopes of the proteins vs scan rate and the quality of the signals in the resulting averaged dataset. A 1000 ms maximum ion accumulation time was used for low-resolution LTQ detection. The top-down MS 2 and MS 3 analyses were performed utilizing a collision energy of 30% and an activation Q of 0.200 for both LTQ (isolation m/z=3) and FT-ICR (isolation m/z=8) detections. MS/MS ion intensity of multiple sample points was accumulated to increase the signal-tonoise ratio. For protein analysis the charge states of the ion fragments measured in the ion trap were confirmed by high resolution FT-ICR-MS 2 . The raw FT-ICR-MS 2 spectra were deconvoluted by Xtract (Thermo Electron) as neutral monoisotopic spectra. 7 We also manually inspected and deconvoluted the raw spectra; 8 ion fragments of isotopic patterns that were not identified by Xtract were manually pulled out. The ions for all the neutral monoistopic masses were analyzed against the candidate proteins in ProSight PTM for validation. Ions of proteins were mainly verified on the basis of the annotations to the mono-isotopic y and b fragments. The amino acid sequences of the candidate proteins were obtained from the online protein data bank (www.pdb.org) and UniProt.
9,10
Sample preparation
Mouse matings were timed to obtain embryonic and neonatal samples. EphA4 -/-males (CB6F1/J background) and EphA4 -/+; Hb9::eGFP females (CB6F1/J background) were used for the E15.5 time point. 11, 12 For the other time points, Hb9::eGFP males (CB6F1/J background) and ICR females were used.
Embryos were collected in cold phosphate buffered saline (PBS), drained on a perforated spoon, and flash frozen in isopentane on dry ice briefly. For neonatal samples, the lower body from euthanized animals was collected and flash frozen. For adult samples, lumbar levels of vertebrae with surrounding tissue were removed from euthanized animals and flash frozen quickly. Frozen samples were equilibrated to -15 o C prior to cryosectioning (Leica CM1850). The rostral part of each sample was affixed to a specimen chuck with a dab of O.C.T. (Optimal Cutting Temperature) Compound (Tissue-Tek 4583), taking care to avoid contamination of relevant tissues and equipment. From the caudal end of the sample, 50-um-thick successive sections were cut and, upon reaching lumbar levels, collected onto glass slides (VWR 48311-703). Each slide was briefly dried on a heat plate, and the slides were stored in -80 o C before mass analysis. T-4 knockout mice are described elsewhere. 13 The slides for ambient mass spectrometry investigation were quickly placed in an air-flowed fume hood to prevent water condensation on the slide until reaching thermal equilibrium at ambient temperatures. To decrease the lipid component of the cell membrane, the slides were quickly rinsed with chloroform. 20 L of chloroform was pipetted onto the slide on the region of tissue to be measured. We gently shook the slide for 10 seconds and removed the solvent by tilting the slide. The rinse process was performed three times on each slide. Thymosin -4 (H-2608) and -10 (H-2928) standards were purchased from Bachem, Inc. Ubiquitin (89165-288) and glutathione (89143-386) standards were purchased from VWR International. S-adenosyl methionine (A7007) and L-alpha glycerylphosphorylcholine (G5291) standards were purchased from Sigma-Aldrich, Inc.
Immunohistochemistry
Immunohistochemistry was performed as described previously. 12 Isolated mouse spinal cords (P4) were fixed with 4% paraformaldehyde and cryosectioned. Immunohistochemistry was performed with rabbit anti-T-4 (AB6019, Millipore; 1:1000).
Spatial Profiling and Data Processing
To visualize the molecular distribution on the tissue, we first generated the coordinates of imaging pixels on the tissue sections within 2-to-5-mm 2 regions (dependent on the developmental stages) near the spinal cord. The digital photographs of the tissue sections were taken with the inverted microscope on which the nanoDESI was mounted and sketched with referential grids (100 to 200 m each) as the coordinate that needed to be targeted with nanoDESI. Once the liquid junction contacted the tissue surface, MS spectra were recorded. The data for each pixel was accumulated for 1 minutes after the extracted compounds were detected by nanoDESI-MS. The tissue was lowered down to remove it from the liquid junction. The tissue stayed offline for 2 minutes before moving to the next pixel in order to flush out the remaining compounds in the secondary capillary tube and prevent inter-pixel contamination. All of the sampling process and ionization were performed at ambient pressure and temperature.
After the MS collection of all pixels, the raw spectra of each pixel were exported in ASCII format for image processing. For the purpose of speeding up the data processing, we compressed the raw data by binning the intensity within 0.01 m/z and integrated the spectral area in the bin. The integrated data were spatially arranged according to the corresponding coordinate. The ion intensity arrays of the corresponding m/z were exported into the two-dimensional contour maps. To improve the visualization we smoothed the output data by applying bilinear interpolation (3rd order) that considers the intensity of the neighboring pixels. The data processing and the generation of contour maps were both carried out in MATLAB.
